Objectives: The lower limit of cerebral blood flow autoregulation is the critical cerebral perfusion pressure at which cerebral blood flow begins to fall. It is important that cerebral perfusion pressure be maintained above this level to ensure adequate cerebral blood flow, especially in patients with high intracranial pressure. However, the critical cerebral perfusion pressure of 50 mm Hg, obtained by decreasing mean arterial pressure, differs from the value of 30 mm Hg, obtained by increasing intracranial pressure, which we previously showed was due to microvascular shunt flow maintenance of a falsely high cerebral blood flow. The present study shows that the critical cerebral perfusion pressure, measured by increasing intracranial pressure to decrease cerebral perfusion pressure, is inaccurate but accurately determined by dopamine-induced dynamic intracranial pressure reactivity and cerebrovascular reactivity. Design: Cerebral perfusion pressure was decreased either by increasing intracranial pressure or decreasing mean arterial pressure and the critical cerebral perfusion pressure by both methods compared. Cortical Doppler flux, intracranial pressure, and mean arterial pressure were monitored throughout the study. At each cerebral perfusion pressure, we measured microvascular RBC flow velocity, blood-brain barrier integrity (transcapillary dye extravasation), and tissue oxygenation (reduced nicotinamide adenine dinucleotide) in the cerebral cortex of rats using in vivo two-photon laser scanning microscopy. Setting: University laboratory. Subjects: Male Sprague-Dawley rats. Interventions: At each cerebral perfusion pressure, dopamineinduced arterial pressure transients (~10 mm Hg, ~45 s duration) were used to measure induced intracranial pressure reactivity (∆ intracranial pressure/∆ mean arterial pressure) and induced cerebrovascular reactivity (∆ cerebral blood flow/∆ mean arterial pressure). Measurements and Main Results: At a normal cerebral perfusion pressure of 70 mm Hg, 10 mm Hg mean arterial pressure pulses had no effect on intracranial pressure or cerebral blood flow (induced intracranial pressure reactivity = -0.03 ± 0.07 and induced cerebrovascular reactivity = -0.02 ± 0.09), reflecting intact autoregulation. Decreasing cerebral perfusion pressure to 50 mm Hg by increasing intracranial pressure increased induced intracranial pressure reactivity and induced cerebrovascular reactivity to 0.24 ± 0.09 and 0.31 ± 0.13, respectively, reflecting impaired autoregulation (p < 0.05). By static cerebral blood flow, the first significant decrease in cerebral blood flow occurred at a cerebral perfusion pressure of 30 mm Hg (0.71 ± 0.08, p < 0.05). Conclusions: Critical cerebral perfusion pressure of 50 mm Hg was accurately determined by induced intracranial pressure reactivity and induced cerebrovascular reactivity, whereas the static method failed. (Crit Care Med 2014; 42:2582-2590) Key Words: blood-brain barrier permeability; cerebral blood flow autoregulation; cerebral perfusion pressure; cortical microvascular shunts; hypoxia; induced cerebrovascular reactivity; induced intracranial pressure reactivity; intracranial pressure C erebrovascular autoregulation is the ability of the brain to maintain cerebral blood flow (CBF) despite changes in cerebral perfusion pressure (CPP), that is, mean
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Historically, the critical CPP was determined by decreasing MAP to lower CPP while measuring changes in CBF (1, 2) . However, whether the critical CPP measured by this method is relevant to the clinical circumstance where CPP is reduced by increasing ICP was unknown.
In 1972, Miller et al (4) showed in dogs that when CPP was manipulated by increasing ICP, the critical CPP was 30 mm Hg compared to 50 mm Hg when measured by decreasing arterial pressure. Similar results were reported in nonhuman primates (5, 6) and rats (7) . However, the reason for the decrease in the critical CPP by increasing ICP as opposed to decreasing MAP has remained unexplained for nearly 40 years since it was first reported.
In an earlier study, we showed in rats that a progressive increase in ICP from 10 to 50 mm Hg resulted in increased high-velocity microvascular shunt (MVS) flow (8) and hypothesized that the decrease in critical CPP at high ICP may be due to MVS flow resulting in a falsely elevated CBF at a lower CPP.
The existence of MVS in the brain was generally not recognized among cerebrovascular researchers despite considerable histologic and physiologic evidence for their existence: "red veins" upon craniotomy for an angioma (9); shunt peaks in CBF measurements by external radiation detection (10) ; and hyperemia in contused and infarcted brain, that is, red veins (10) (11) (12) (13) . Precapillary MVS and thoroughfare channel shunts were histologically described in human (14) (15) (16) and animal brains (17) . The difficulty in acknowledging the existence of these MVS may be because their role in the pathophysiology of the brain and its transition from normal capillary flow was not understood. In an earlier study, we observed microvascular shunting when high ICP but not arterial pressure was used to lower CPP (8) . We also showed that the increase in MVS at high ICP could be mitigated by increasing CPP (18) . CBF autoregulation defined by lowering MAP to measure the critical CPP would require manipulation of blood pressure to unacceptably low levels and therefore cannot be studied in patients (19) and has historically been measured in animals (1, 2) . Alternative methods of evaluating CBF autoregulation include the cerebrovascular response to a vasodilatory stimulus such as Co 2 (20, 21) and acetazolamide (22) (23) (24) . CBF autoregulatory status is also evaluated by induced changes in arterial pressure and the CBF response as the cerebrovascular reactivity (CVRx) (3, 25) . A negative or no CBF response to a transient arterial pressure increase indicates intact autoregulation and a large response indicates loss of autoregulation. A similar measurement obtained by the ICP response to spontaneous arterial pressure transients is ICP reactivity or PRx (26, 27) . Based on our earlier study showing that the historic, static method of evaluating CBF autoregulation may not apply to the brain at high ICP, our aim in this study was to determine whether induced CVRx (iCVRx) and induced PRx (iPRx) using dopamine-induced MAP challenges identify different critical CPP thresholds measured by increasing ICP as opposed to decreasing MAP.
MATERIALS AND METHODS

Animals and Surgical Procedures
This study was approved by the Institutional Animal Care and Use Committee of the University of New Mexico Health Sciences Center and done in accordance with the NIH Guide for the Care and Use of Laboratory Animals. The procedures used in this study were previously described (8, 18) . Male Sprague-Dawley rats (n = 31, 300-350 g, Harlan Laboratories, Indianapolis, IN) were acclimated for 1 week. The rats were intubated and mechanically ventilated (Harvard Apparatus, Holliston, MA) on 2% isoflurane/30% oxygen/70% nitrous oxide anesthesia. Femoral venous and arterial catheters were inserted for fluid replacement, arterial pressure monitoring, and blood sampling. A catheter inserted into the cisterna magna was used to manipulate ICP by a reservoir of artificial cerebrospinal fluid (ACSF). Brain temperature was maintained at 37°C using an objective heating system with a temperature probe in an immersion well above the cortex (Bioptechs, Butler, PA). Body temperature was kept at 37.5°C by a homeothermic blanket system with a rectal probe (Harvard Apparatus, Holliston, MA).
Experimental Paradigm
The rats were studied in three groups: 1) time control group (n = 12); 2) CPP-ICP group (n = 12); and 3) CPP-MAP group (n = 7) ( Table 1 ). In the CPP-ICP group, CPP was decreased sequentially from 70 to 50 and 30 mm Hg by increasing ICP from 10 to 30 and 50 mm Hg by elevation of the ACSF reservoir connected to the cisterna magna through a catheter. Increased ICP sometimes resulted in a Cushing reflex (a sympathetic rise in arterial pressure) that was countered by withdrawal of blood while continuously monitoring arterial pressure to regulate CPP. In the CPP-MAP group, arterial blood pressure and CPP were reduced by progressive withdrawal of venous blood (3-5 mL) into a syringe with heparinized saline. CPP was maintained constant at a given level for 30 minutes, sufficient for physiological stabilization and performing iCVRx and iPRx tests.
Measured Variables
Induced intracranial pressure reactivity (iPRx) and induced cerebrovascular reactivity (iCVRx), microvascular RBC flow velocity and diameters, NADH autofluorescence, and bloodbrain barrier (BBB) permeability were measured at each CPP. Cortical Doppler flux was measured continuously using a single-fiber 0.8-mm diameter probe (Moor Instruments, Axminster, United Kingdom) on the temporal bone (burr hole) just beneath the optical window for microscopy. Arterial pressure, ICP, and CBF were continuously recorded using Biopac system (Goleta, CA). Arterial blood gases, hemoglobin, hematocrit, pH, glucose, and electrolytes were measured using a CG8+ cartridge (iSTAT, ABAXIS, Union City, CA) and maintained within normal limits. Variations in blood gases were adjusted by manipulation of the rate and volume of the ventilator. Base deficits less than −5.0 mEq/L were corrected by slow IV infusion of 8.4% sodium bicarbonate.
Cerebrovascular Autoregulation
Cerebrovascular autoregulatory status was evaluated by 1) static autoregulation, that is, Doppler flux CBF curves and 2) dynamic iPRx and iCVRx by IV bolus dopamine. In both the CPP-MAP and CPP-ICP groups, static CBF autoregulation was evaluated by continuous monitoring of Doppler CBF as arterial pressure was progressively reduced by phlebotomy in the CPP-MAP group or by increasing ICP by raising the ACSF reservoir in the CPP-ICP group. Dynamic iPRx and iCVRx were determined by the response of ICP or cortical Doppler flux to induced transient arterial pressure challenge, respectively. A transient increase in MAP (10.1 ± 3.2 mm Hg, 42 ± 17 s duration) was induced by IV dopamine (33 ± 12 to 69 ± 16 μg/kg). Dynamic iPRx and iCVRx were calculated as ΔICP/ΔMAP and ΔCBF/ΔMAP, respectively.
In Vivo Two-Photon Laser Scanning Microscopy
Two-photon laser scanning microscopy was done using an Olympus BX51WI microscope (Olympus, Tokyo, Japan) with a water-immersion LUMPlan FL/IR (Olympus) 20×/0.50W objective (8) . Excitation (740 nm centerline) was provided by a Prairie View Ultima laser scan unit powered by a Millennia Prime 10W diode laser source pumping a Tsunami Ti:sapphire laser (Spectra-Physics, Mountain View, CA). Images (512 × 512 pixels, 0.15 μm/pixel) were acquired using Prairie View software (Prairie Technologies, Inc., Middleton, WI). Blood plasma was labeled by IV injection of tetramethylrhodamine isothiocyanate-dextran (155 kDa) in saline (5% wt/vol). Tetramethylrhodamine fluorescence was band pass filtered at 560-600 nm. All microvessels in an imaging volume (500 × 500 × 300 μm) were scanned at each study point, measuring the diameter and blood flow velocity in each vessel (3-20 μm Ø). Capillary selection was based on tortuosity, degree of branching, diameters 3-7 μm, and RBC flow velocity less than 1 mm/s (17, (28) (29) (30) (31) . MVS were differentiated by flow velocity greater than 1 mm/s and diameters 8-20 μm as previously described (8, 18) . RBC motion was measured by line scans, that is, repetitive scans along the central axis of a microvessel (8, 32) . In offline analysis, 3D anatomy of the vasculature was reconstructed from planar images obtained at successive focal depths (XYZ-stack). BBB permeability was assessed by tetramethylrhodamine-dextran capillary extravasation (8) . For reduced nicotinamide adenine dinucleotide (NADH), 20 planar scans of fluorescence intensity were obtained in 10 μm steps starting from the pia mater at each CPP. NADH autofluorescence was band pass filtered at 425-475 nm (8, 33) . In offline analyses, average intensity was calculated from the maximal intensity projection for each CPP. Imaging data processing and analysis were done using Fiji Image J processing package (version 1.48, National Institute of Health, Bethesda, MD).
Statistical Analysis
Statistical analyses were done using SigmaPlot 12.3 (Systat Software, Inc., San Jose, CA). Student t test or Kolgomorov-Smirnov test was used where appropriate. Differences between groups were determined using two-way analysis of variance for multiple comparisons and post hoc testing using the Mann-Whitney U test. Bonferroni multiple-comparison test was used for post hoc analysis, where the effects of different CPP were compared. Significance level was preset to p less than 0.05. Data are presented as mean ± sem.
RESULTS
Arterial blood gases, electrolytes, hematocrit, pH, and rectal and cranial temperatures were within normal limits without significant differences between groups. Blood glucose levels were elevated in all rats likely due to the stress of surgery and anesthesia ( Table 2) . Importantly, hemoglobin levels were not different between the groups since in the CPP-MAP group, phlebotomy was used to decrease MAP indicating that it was not enough to affect hemoglobin levels.
Cerebrovascular Autoregulation
Static CBF Autoregulation. Doppler CBF measured at the cortical surface in the CPP-ICP group showed that when CPP was reduced by increasing ICP, Doppler flux fell significantly between CPP of 40 and 30 mm Hg identifying a critical CPP at high ICP of 30 mm Hg (Fig. 1, data were normalized to Table 3 ). In the CPP-MAP group, Doppler flux fell significantly between CPP of 60 and 50 mm Hg, identifying a critical CPP of 50 mm Hg when CPP is reduced by decreasing MAP (Fig. 1 and Table 3 ). No change in Doppler flux was observed with time over the 4 hours in the control group (Table 3) .
Dynamic CBF Autoregulation. Evaluation of dynamic CBF autoregulation in the CPP-ICP group by raising ICP showed that there was no change in either iPRx or iCVRx between CPP of 80 and 60 mm Hg (Fig. 2, A and B; Supplementary  Fig. 1 , Supplemental Digital Content 1, http://links.lww. com/CCM/B76), with average values of iPRx of -0.03 ± 0.008 and iCVRx of -0.02 ± 0.007 at a CPP of 70.2 ± 6.8 mm Hg (Table 3 ). After decreasing CPP below 60 mm Hg, both iPRx and iCVRx showed a steep increase in both variables (Supplementary Fig. 1 , Supplemental Digital Content 1, http://links. lww.com/CCM/B76) but a relatively steeper increase in iPRx than iCVRx, with average values of iPRx of 0.24 ± 0.016 and iCVRx of 0.31 ± 0.013 at an average CPP of 50.8 ± 5.4 mm Hg (p < 0.05 for both) ( Table 3 ). Below a CPP of about 50 mm Hg, both iPRx and iCVRx appeared to plateau with an average iPRx of 0.33 ± 0.013 and iCVRx of 0.50 ± 0.014 at average CPP of 30.4 ± 5.1 mm Hg (p < 0.01 for both) ( Table 3 ). These data suggest that the critical CPP based on dynamic CBF autoregulation with high ICP is approximately 50 mm Hg in contrast to the value of 30 mm Hg derived from the static autoregulation curve.
In the CPP-MAP group, the dynamic CBF autoregulation curve shows a relatively unchanged iPRx and iCVRx between CPP of 60 and 80 mm Hg (Fig. 3, A and B; and Table 3 ). As MAP and therefore, CPP was decreased, there was a gradual rise in iPRx and iCVRx that was significant at CPP between 50 and 60 mm Hg, suggesting a critical CPP of 50 mm Hg as obtained by decreasing CPP by MAP as shown in Figure 1 (iPRx = 0.24 ± 0.022 and iCVRx = 0.35 ± 0.023 at average CPP of 51.4 ± 6.5 mm Hg, p < 0.05 for both) ( Table 3) . Unlike the iPRx and iCVRx curves in the CPP-ICP group, lowering CPP below 50 mm Hg to 30 mm Hg in the CPP-MAP group resulted in a decrease in iPRx and no significant changes in iCVRx probably due to a decrease in the blood volume in the system with average value of iPRx of 0.19 ± 0.010 and iCVRx of 0.37 ± 0.019 at average CPP of 31.5 ± 9.0 mm Hg (p < 0.05 for both) ( Table 3) . further increase to 1.1 ± 0.18 (p < 0.01) at 30 mm Hg ( Fig. 4; and Table 4 ). When CPP was reduced by decreasing MAP, the MVS/CAP ratio fell at a CPP of 50 mm Hg to 0.31 ± 0.18 and to 0.12 ± 0.20 at CPP of 30 mm Hg (p < 0.01) due to decrease of blood volume and stagnation of flow in all cerebral vessels ( Fig. 4 and Table 4 ).
Microvascular Shunting, Tissue Oxygenation, and bbb Permeability
Tissue
Oxygenation. Despite the difference in the response of the MVS/CAP ratio to the reduction in CPP by increasing ICP versus decreasing MAP, the response in the changes in brain tissue oxygenation, reflected by the increase in NADH, were in the same direction, significantly different from baseline NADH fluorescence at CPP of 50 mm Hg, reflecting the development of tissue hypoxia (ΔF/Fo of 0.28 ± 0.11 and 0.22 ± 0.14 for CPP-ICP and CPP-MAP group, respectively, p < 0.05 for both) (Table 4 ). However, the change in brain tissue oxygenation by increasing ICP reflected by NADH was nearly two-fold greater in the CPP-ICP group, possibly due to edema and BBB breakdown (8) .
BBB Permeability. The changes in BBB, reflected by transcapillary dye extravasation, showed a significant increase in the ICP group as early as at CPP of 50 mm Hg (ΔF/Fo = 2.24 ± 0.75, p < 0.01), whereas there was no change in the control group and an insignificant increase at a CPP of 30 mm Hg in the CPP-MAP group ( Table 4 ). The more prominent BBB damage in CPP-ICP could be explained by the additional stress to capillary wall from the increased cerebral venous pressure in response to the increased ICP (34) leading to the development of vasogenic edema as we reported earlier (8) .
Our results obtained concurrently with autoregulation status show that critical changes in CBF and metabolism begin to occur at CPP of 50 mm Hg in both CPP-ICP and CPP-MAP groups. However, in the CPP-ICP group, only dynamic iPRx and iCVRx showed correct cerebrovascular autoregulation threshold at 50 mm Hg correlating with physiological data, whereas static autoregulation curve shows erroneous threshold at 30 mm Hg.
DISCUSSION
Our results show that the critical CPP of 50 mm Hg determined by the historical method of static CBF autoregulation where the arterial pressure is passively decreased differs from the 30 mm Hg as determined by increasing ICP to decrease CPP. As previously discussed, this observation was initially made by Miller et al (4) in 1972 in dogs and confirmed in nonhuman primates (5, 6) and in rats (7) . We previously hypothesized and have now shown that the decrease in the critical CPP determined by static CBF autoregulation when based on an increase in ICP rather than a decrease in arterial pressure is a result of the development of high flow velocity MVS maintaining a pathologically elevated CBF at CPP of 30-40 mm Hg. Our findings are important to the clinical management of patients with high ICP suggesting that the critical CPP is not lower, but in this circumstance, roughly equal to the critical CPP of the brain at normal ICP.
In an earlier study (18) , we reported that dopamine was selected as the vasopressor of choice because two other vasopressors, phenylephrine and norepinephrine, resulted in severe metabolic acidosis whereas dopamine did not. As previously discussed (18) , dopamine has effects on β2-adrenergic vasodilatory and α1-adrenergic vasoconstrictive receptors in cerebral blood vessels (35, 36) . At low doses, dopamine induces a vasoconstrictive effect, whereas at higher doses, it induces a vasodilatory effect. At an infused dose of 100 μg/kg/min in monkeys, we reported that dopamine had no significant effect on CBF or cerebral metabolic rate for oxygen (37) . In a study on patients suffering from subarachnoid hemorrhage and suspected of vasospasm, we reported that dopamine increased CBF in 90% of uninfarcted regions of the brain while decreasing CBF in a third of nonischemic territories (38) . In traumatized rat brain, dopamine increased CBF in ischemic territories and did not appear to induce vasoconstriction. Our use of bolus doses of dopamine to induce a transient rise in arterial blood pressure should not induce vasoconstriction or vasodilation or alter cerebrovascular autoregulation (39) .
The results also show that although static CBF autoregulation fails at high ICP, dynamic iCVRx and iPRx measurements are accurate. We surmise that static CBF autoregulation simply measures the decrease in CBF depending on the overall average flow rate through the microvasculature as an average of decreased capillary and high flow velocity MVS flow compartments. By contrast, an arterial pulse into the cerebral microvasculature will differentially impact capillaries and MVS and the response in ICP and CBF will depend on the degree of MVS or the MVS/CAP ratio, which we suggest correlates with the degree of loss of autoregulation as a fraction of capillary flow. As the MVS/CAP ratio increases, so does the proportion of tissue with loss of autoregulation as reflected by the increase in iPRx and iCVRx.
Two additional aspects of our study should be emphasized. First, the loss of CBF autoregulation that occurs in traumatized or ischemic brain with MVS differs from the loss of CBF autoregulation observed with cerebrovascular dilation by high Co 2 (20, 21) or Diamox (22) (23) (24) . Pharmacologically induced cerebrovascular dilation occurs by vasodilation of arteries, and arterioles, and high flow through capillaries resulting in a pressure passive relationship between CBF and CPP (1). This loss of CBF autoregulation differs from the opening of MVS and thoroughfare channels that circumvents capillaries (14) . Thus, although static and dynamic autoregulation were correlated with isoflurane-induced loss of autoregulation in normal brain (40) , it does not apply to the injured brain or brain at high ICP with MVS flow.
Second, a graded increase in ICP also induces a graded transition from capillary to MVS flow, which is characteristically indicative of nonnutritive flow resulting in tissue hypoxia, edema, and increased BBB permeability (8) . We hypothesized that the increase in ICP results in increased cerebral venous pressure which transmits back to the capillaries causing brain edema which further increases ICP in a positive feedback loop (8, 34) . The result is a separate route for blood flow, circumventing the capillaries through arteriovenous, venovenous, and arterioarterio precapillary shunts and through thoroughfare channels (14) (15) (16) , resulting in capillary rarefaction as occurs in infarcted brain tissue (41) (42) (43) . The transition from capillary to MVS flow with increasing ICP provides a window into the mechanisms involved in the loss of CBF autoregulation in the injured brain (11, 12) . High ICP occurs in 30% of all severe traumatic brain injury cases (44) . If ICP is elevated with loss of CBF autoregulation, CPP could not be raised because a pressure passive increase in ICP could lead to brain herniation. CPP-directed therapy provides early therapeutic intervention for high ICP (45) up to CPP of 70-80 mm Hg (46) . ICP-directed therapy using pharmacologic management of high ICP while keeping CPP in the range of 50-60 mm Hg was developed where increased CPP was not an option (47) (48) (49) . Understanding the impact of CPP-and ICPdirected therapies on MVS flow would be of interest in the clinical management of high ICP.
CPP-directed therapy based upon the continuous measurement of PRx appears to be able to guide the setting of optimal CPP by maintaining a minimum autoregulatory index (26) . However, there is a caveat because in the terminal brain where perfusion is failing and decompensated and therefore unresponsive to changes in CPP, there could be a so-called false autoregulation as observed with the no-reflow phenomenon (50, 51) . Where there is complete loss of autoregulation, ICPdirected therapy becomes the only viable option in managing high ICP. In this case, CPP will be kept at 50 mm Hg while ICP is treated with vasoactive agents although low CPP is also associated with poor outcome (26) .
In conclusion, the critical CPP measured by the historic CBF autoregulation curve using ICP to decrease CPP is incorrect but accurately determined by iPRx and iCVRx. The validity of the measurement of critical CPP by increasing ICP or decreasing MAP in the injured brain has yet to be determined.
